Purpose: Due to variations in biological half-life, accurate thyroid dosimetry for I-131 therapy is not trivial in clinical practice. In recent publications, systems are described to measure the uptake of I-131 in the thyroid repeatedly over time. In this work, we present a method to calculate patient specific pharmacokinetics and absorbed dose using such a collar detector system (CoTI) in combination with a SPECT acquisition and a two-compartment model fit. Methods: For three patients receiving I-131 therapy for benign thyroid conditions, the complete uptake profile is measured over a period of 15 to 25 days after administration. A SPECT measurement is performed to assess the functional volume of the thyroid and the amount of I-131 in the thyroid. The uptake profile measured in counts-per-second is converted to absolute activity in MBq using the absolute quantification of the SPECT. A two-compartment model is used as a fit to the uptake data of the thyroid and to estimate the activity in the blood-pool. The estimated absorbed dose to the thyroid is then calculated from the integral of the activity. The assessed parameters from the method (6-and 24-h uptake, thyroid volume and I-131 uptake concentration) are compared with the values as determined in clinical practice. Furthermore, the convergence of the calculated absorbed dose as a function of measurement series duration is determined to assess the required measurement duration of the uptake profile. Results: The two-compartment model fit shows a good agreement with the measured data points. Resulting dynamic uptake profiles of the three patients differ from each other. The uptake percentages differ from the pretherapy I-123 uptake measurements that are used in usual clinical practice, which shows the potential added value of the proposed method. The duration of the required measurement series appears to be patient dependent and therefore needs to be determined for each patient individually. The proposed method allows for a basic investigation of the individual dynamic uptake profile of I-131 in the thyroid and the calculation of the absorbed dose. Conclusions: The proposed measurement method is feasible and easily implementable given a system that can measure the uptake of I-131 in the thyroid repeatedly over time. The observed differences in dynamic uptake profiles and the differences in the absorbed thyroid dose as calculated with our method and the parameters of the usual clinical care support the relevance of the proposed method. In future studies, this approach may possibly be used for outcome prediction and therapeutic activity optimization.
INTRODUCTION
Iodine-131 (I-131) is used extensively to diagnose and treat thyroid diseases such as Graves' disease, euthyroid goiter, multinodular goiter, and thyroid carcinoma. Due to the selective uptake of I-131 in the thyroid, localized treatment is possible with a typically low absorbed dose to surrounding tissues and organs. Traditionally, the uptake of iodine in the thyroid is measured prior to treatment using either Iodine-123 (I-123) or I-131 to calculate an appropriate therapeutic activity. These calculations typically incorporate thyroid volume, thyroid uptake and a disease-specific constant. The Dutch Society of Nuclear Medicine (NVNG) recommends the following calculation:
where D is the activity to be administered in MBq, V is the thyroid volume in ml and U is the fractional thyroid uptake after 24 h (thyroid-activity 24 h /administered-activity 24 h ). The desired I-131 concentration in the thyroid K = 4 MBq/ ml for Graves' disease and euthyroid goiter, and K = 4 or K = 8 MBq/ml for multinodular goiter depending on clinical assessment. While most treatment guidelines are determined empirically, recommendations of disease-specific absorbed dose requirements (in Gy) for therapeutical effect do exist. 2 For instance, the dose to achieve complete ablation, in patients with Graves' disease, is in the range 200-300 Gy. 2 Even though the calculated activity to be administered is somewhat tailored to the individual patient, large variations in biological half-life of iodine exist. 3 These variations directly translate into differences in absorbed dose. Because determining the effective half-life is impractical this is typically not measured in clinical practice but roughly estimated empirically based on uptake measurements at various points in time after administration of I-123 or I-131, typically after 6 and 24 h.
In this work a collar detector system (CoTI, Collar Therapy Indicator, AG Medical, Saint-Aubin, France) is used together with a SPECT acquisition in a proof of concept methodology to determine the uptake profile and the absorbed dose of the thyroid. The aim of this study is to present a methodology that can provide insight into the individual dynamic uptake profile and can more accurately calculate the total absorbed dose in the thyroid, using a simple collar measuring device and a SPECT acquisition.
MATERIALS AND METHODS

2.A. Patient inclusion criteria
Patients undergoing I-131 treatment (administered orally via a capsule) for euthyroid goiter or hyperthyroid multinodular goiter were eligible for study participation. In addition, patients had to be admitted to the hospital for radiation safety purposes (i.e., Dutch legislation: ambient dose equivalent rate of >20 lSv per hour at 1 m distance after administration) for typically two consecutive days. The latter allows for adequate familiarization of the patient with the measurement method and device. Three subjects were included, one patient with a euthyroid goiter and two patients with a hyperthyroid multinodular goiter. All subjects provided written informed consent before study participation. The study was approved by the local institutional review board and conducted according to the principles of the International Conference on Harmonization-Good Clinical Practice.
2.B. I-123 uptake measurement
The usual standard clinical practice measurement for thyroid uptake in our clinic is performed with I-123 using a Siemens E.CAM equipped with a pinhole collimator. In this examination, the uptake is measured 6 and 24 h after administration of the I-123 by comparing the total thyroid counts in an anterior view to a reference activity in a polymethyl-methacrylate (PMMA) neck phantom (both at a fixed distance and corrected for background counts). In addition to the anterior view also right-and left anterior oblique views are recorded. The resulting calculated uptake percentage and the visual volume estimation based on the acquisitions are used by the nuclear medicine physician to calculate an appropriate I-131 therapeutic activity using Eq. (1).
2.C. I-131 uptake profile measurement
The used measurement device (CoTI) consists of a disposable soft collar in which two separate detector modules (50 9 30 9 18 mm 3 ) are placed, one for each thyroid lobe. Each module is connected to the data acquisition unit and contains a scintillation detector (3 mm 9 3 mm active detection surface) faced to the body surface. The use of a comparable device was recently explored by F€ urstner et al. 4 Example photos of the CoTI are shown in Fig. 1 . Energy windowing is not supported. The device is described in detail in Ref. [5] Acquisitions are initiated by the patient by pressing a large button on a second device, which is wirelessly connected to both the acquisition unit and the Internet. The latter option allows for remote monitoring of the measurements. Only measured count rates are transferred, no patient data are transmitted.
In each measurement the average count rate over an interval of 20 s is recorded for both detectors. The first hour after administration measurements are performed every 15 min, starting with the first measurement immediately after administration. For the remainder of the first day after administration, a measurement is performed every hour while the second and third day (if applicable) a measurement is performed every 2 h. No measurements are performed during sleep. After discharge the patient is asked to perform measurements at home twice a day (morning and evening) for a duration of up to 3 weeks. Before the start of each measurement the patient places the collar around the neck for the duration of the measurement. In between measurements the collar is removed.
2.D. SPECT acquisition
Shortly before the patient is discharged (approximately 2-3 days after I-131 administration), a SPECT acquisition is performed using a Siemens Symbia T2 SPECT/CT equipped with a medium energy collimator. While typically a high energy collimator is used for I-131 acquisitions, this is not available in our clinic. However, SPECT reconstructions of I-131 using medium energy collimators have shown good results. 6 A 15% energy window around the central photopeak and equal width upper-and lower scatter windows are acquired. A total of 64 views were acquired (32 per head) with a 128 9 128 matrix size, no zoom is applied resulting in a 4.8 mm 9 4.8 mm pixel size. No CT acquisition is performed.
Images are reconstructed using Siemens' Flash 3D OSEM algorithm (six iterations, eight subsets) with triple energy window scatter correction and a 9 mm Gaussian postfilter. The reconstructions are corrected for detector dead time, by using the SPECT-CT's dead time lookup tables.
A vial containing water with a known activity of I-131 inside the PMMA neck phantom is used to quantitatively calibrate the SPECT reconstructions. The same calibration is used for all three patients. A 40% of maximum pixel value isocontour segmentation showed an accurate delineation of the activity volume as compared to the CT image of the same vial in the phantom and is therefore used for segmentation in the patient studies. In Fig. 2 example images of the acquisition, reconstruction end segmentation are shown.
2.E. Data analysis
The measured uptake profile count rates of both detectors are corrected for detector dead time using a measured (I-131) dead time lookup table (data not shown). The corrected count rates of both CoTI detectors are averaged, yielding one count rate per measurement. The two compartment model solution as described in detail in Ref. [7] is fitted to the data set using least squares. A schematic of this model is shown in Fig. 3 .
This solution of the thyroid activity as a function of time is: A a is the administered I-131 activity in MBq and t is the time after administration in days. Thyroid uptake (k t ), renal clearance (k r ), physical decay (k p ), and hormone excretion (k h ) are rates with the unit day À1 . The total activity in the thyroid (at the time of acquisition) and the uptake volume are calculated from the SPECT acquisition using the 40% of maximum pixel value isocontour segmentation. The SPECT acquired total activity in the thyroid (in MBq) and the two compartment model fit count rate at the time of acquisition are used to convert all measured profile count rates to total activity measurements in the thyroid. This assumes that the relative distribution of I-131 in the thyroid is constant over time. The I-131 concentration at 6 and 24 h after administration is calculated by dividing the total I-131-activity from the curve at 6 and 24 h by the thyroid volume as measured by the SPECT. The concentrations are then converted into uptake percentages and compared to the gamma camera I-123 uptake measurements of the same patient.
Assuming that the total administered activity instantaneously enters the blood pool compartment, the total blood pool activity over time (A pool ) is calculated. Note that this is an approximation, as the underlying pharmacokinetics are considerably more complex. 8 The area under the curve of the resulting fit A T is equal to the total number of disintegrations of I-131 in the thyroid. Combining the total number of disintegrations with the segmented thyroid volume, the thyroid absorbed dose is calculated by
where D thyroid is the thyroid absorbed dose, n is the total number of disintegrations in the thyroid, V thyroid is the segmented thyroid volume and E is the mean energy deposition per decay, calculated using the methods described in Ref. [7] by
To assess the convergence of the fit in order to determine a suitable point of termination of measurements, the calculated thyroid absorbed dose as a function of measurement duration (and thus the number of measurements) is calculated.
RESULTS
The relevant details of the included patients are summarized in Table I . Figure 4 shows the calculated total activity in the thyroid over time for all three patients for both the first 48 h after administration (a) and up to approximately 25 days after administration (b). The area under the curve is shaded for each data set. In all three measurement series a good fit of the two compartment model is observed. The estimation of the blood pool activity (A pool ) is shown by dashed lines for the first 48 h.
Convergence of the calculated dose derived from the two compartment model as a function of measurement duration is shown in Fig. 5 . The calculated thyroid absorbed dose is plotted as a function of measurement duration after administration. All three measurement series show a tendency to converge to a stable calculated absorbed dose but the rate of convergence is not equal. Table II shows the administered activity and 6-h and 24-h uptake for both the usual clinical practice gamma camera measurement and the uptake profile measurement fit. Additionally, the ratio between the uptake as calculated by the uptake-profile method and the planar I-123 calculated uptake is shown.
The planar I-123 volume estimation, the desired I-131 thyroid concentration at 24 h, the SPECT segmented volume, the measured I-131 thyroid concentration at 24 h and the absorbed dose are shown in Table III . A significant discrepancy between the planar estimated-and SPECT segmented volume is seen.
As the fit parameters of the two compartment model are the pharmacokinetic rates of Eq. (2), it is possible to evaluate the thyroid uptake rate (k t ), renal clearance rate (k r ) and thyroid hormone excretion rate (k h ). These values are summarized in Table IV , together with the biological-and effective half-life. Note that the thyroid excretion rate and the biological half-life contain the same information, as biological half-life is equal to ln(2)/k h . The effective half-life (T eff ) is a combination of physical half-life (T ph ) and biological halflife (T b ): 1/T eff = 1/T ph + 1/T b . For patient 3, the observed effective half-life is equal to the physical half-life, as the biological half-life is not measurable.
DISCUSSION
A method is presented to calculate the absorbed dose of the thyroid during I-131 therapy using a collar detector system, a single SPECT acquisition and a two-compartment model. The proposed method is feasible and easily implementable. The resulting dynamic uptake profiles of the three patients differ from each other and the calculated uptake percentages differ from the pre-therapy I-123 uptake measurements, which shows the potential added value of the proposed method.
Repositioning of the CoTI is expected to cause variation in measured count rates. 9 However, as observed in Fig. 4 , a good fit was found in all three patients. Therefore, the impact of repositioning seems to be limited in clinical practice. As the I-131 capsule first has to dissolve before the iodine starts to enter the blood pool via the gastrointestinal (GI) tract, the measured count rates within 30 min after administration are not likely due to activity in the thyroid. Rather, these are probably the result of scattered or primary photons emitted from I-131 in the GI tract and blood pool.
After approximately 24 h however, only a minimal residual activity in the GI tract and no blood pool activity is expected due to renal clearance and thyroid trapping, thus the subsequent measurements accurately reflect the true activity in the thyroid. When used in clinical practice, defining a cut-off point after which the measurement series can be stopped is essential. Figure 5 shows that all three measurement series converge to a stable calculated absorbed dose, but the rate of convergence is different and a general cut-off point is not likely to be found. One possible reason why convergence is reached rapidly for patient 3 is that for this patient there is no measurable biological half-life and effective half-life is determined by physical decay only. A cause for slower convergence might be a variation in positioning accuracy of the collar resulting in a wider spread of measurement values, as might have been the case in the first measuring days of patient 2. In the next version of the CoTI system adaptations will be made to secure a more uniform positioning of the detectors.
The measured 6-and 24 h post administration uptake percentages from the uptake profile (Table II) differ from the gamma camera determined uptake values used in clinical care. There are several potential reasons for the found differences. Firstly, the differences may be caused by measurement inaccuracies present in both methods. It has to be noted that the usual clinical care gamma camera determined uptake value consists of a single measurement in which a variation is transmitted directly to an error in the result. In our proposed method the uptake profile is assessed by multiple measurements and a two-compartment model is used for fitting the curve. Variations in individual measurements should therefore minimally influence the result. Variations in the SPECT calibration measurement will directly influence the result, however, the 3D SPECT quantification is more reliable and causes less variation than the planar uptake measurement with pinhole collimator, which is more sensitive to geometric variations. Secondly, it has to be noted that in our clinic I-123 is used for the uptake measurement instead of I-131. It is possible that this might lead to differences. Thirdly, the patients may have changed their dietary intake of iodine between uptake measurement and therapy and thereby altered the uptake for the uptake profile measurement during therapy. For the last two reasons it might be interesting to use our proposed method in a clinical setting where I-131 is used for the uptake measurement, to assess the uptake profile during the uptake study as well as during therapy. Truly individualized therapeutic activities can be calculated by measuring the uptake curve prior to administering the therapy. Finally, by measuring the uptake profile before and after administering the therapeutic activity, possible thyroid stunning effects can be investigated.
Due to differences in calculated I-123 uptake and I-131 uptake and volume assessment, the measured thyroid concentration after 24 h differs from the desired thyroid concentration after 24 h (Tables II and III) . Interestingly, in our three patients large differences between the usual clinical care measurement and the measurement of our proposed method of the uptake and volume, led to relatively small differences in the measured thyroid concentration. For example patient 3 shows an underestimation of the volume of 234% and an underestimation of the 24 h-uptake of 218%, leading to a relatively reasonable deviation from the desired thyroid concentration of I-131 at 24 h of 28%.
It is uncertain whether or not it is representative that the errors, as assessed in clinical care, in uptake and volume measurement are balanced in clinical outcome. To address this, a larger study is needed in which a larger group of patients is included and our proposed uptake-profile method is used to assess thyroid uptake, volume, I-131 concentration and absorbed dose.
While the described uptake-profile method allows for determination of pharmacokinetic rates in a two compartment model (Table IV) , additional measurements such as GI tract activity or blood-or urine sampling are necessary for a more detailed investigation of the underlying pharmacokinetics using more realistic models.
For dosimetry purposes, however, the two compartment model describes the data more accurately than the usual clinical care method and can therefore be used to calculate the absorbed dose more accurately. Table IV also shows that the effective half-life of the two patients with multinodular goiter is different, underlining the importance of patient-specific measurement duration for determining the uptake profile.
CONCLUSION
The proposed uptake-profile measurement method is feasible and easily implementable and only requires a modular and portable nonimaging system that can measure the uptake of I-131 of the thyroid repeatedly and a single SPECT measurement. The absorbed dose of the thyroid is calculated in a fairly straightforward manner and the observed differences in the individual dynamic uptake profiles of I-131 in the thyroid support the relevance of the proposed method. In future studies this approach may be used for outcome prediction and therapeutic activity optimization.
